Introduction
Southeast Asia is a tectonically diverse and active region. Continental collision in the west and eastward retreating slabs in the east set up large-scale clockwise rotations (black arrows in Figure 1 ). The major large-scale features produced by the collision and post-collisional convergence of the Indian and Eurasian plates include the Tibetan Plateau, where the continental crust has approximately doubled in thickness (Molnar and Tapponnier, 1975; Tapponnier et al., 2001; Kind et al., 2002; Rapine et al., 2003) .
Offshore, oceanic lithosphere is predominantly of early Cenozoic age, and there is ongoing subduction of the Pacific, Philippine Sea and Indo Australian plates beneath Eurasia (van der Hilst et al., 1991; Fukao et al., 1992; Widiyantoro and van der Hilst, 1996) with eastward slab roll back since Oligocene times (van der Hilst and Seno, 1993; Northrup et al., 1995) . Between these active plate boundary zones large continental areas were subjected to extension during early Cenozoic time (Tapponnier and Molnar, 1977; Zhang et al., 1984; Li, 1998) . These extensional features have been regarded commonly as an effect of the Indian-Eurasian collision (Molnar and Tapponnier, 1975 ), but we argue that both the collision and the slab roll-back need to be taken into account in order to obtain a complete understanding of dynamics and tectonic evolution of SE Asia. It can be expected that this complex history produced significant structural heterogeneity in the upper mantle. From results published so far, however, it is not clear how tectonic history Li, van der Hilst, and Toksöz, 2005 4 and shallow structure relate to deep structure. In this paper we focus on the presentation of a model of mantle structure beneath the region.
Southeast Asia is characterized by relatively high levels of seismicity, but the distribution of seismological stations from which data are openly available is rather sparse (red triangles in Figure 2 ). This puts restrictions on the type of seismic imaging that can be performed and the scale of the structure that can be resolved. Surface wave tomography studies show pronounced high-velocity continental roots beneath several Precambrian tectonic units (e.g. Ordos Plateau, Songliao Basin, Sichuan Basin) of SE Asia (Lebedev and Nolet, 2003; Debayle, et al., 2005；Lebedev, Nolet and Van der Hilst, in preparation) and a seismically fast wavespeeds northward-dipping Indian lithosphere under southeastern Tibet (Friederich, 2003) . These major features can also be inferred from global shear-wave velocity models (e.g. Ekström, et al.，1997； Shapiro and Ritzwoller, 2002) . However, the low frequency and hence long wavelengths of surface wave data put lower limits on structural wavelengths that can be resolved in the upper mantle. Moreover, surface waves are primarily sensitive to variations in S wave speeds and are not commonly used to constrain a P-wave model.
In regions with good data coverage short-period travel times can provide higher resolution than the surface wave inversions. A number of P-wave tomographic studies have concentrated on complex morphology of the subducting oceanic lithospheric slabs beneath the western Pacific, the Philippine Sea and Indonesia (e.g. Van der Hilst et al., 1991; Fukao et al., 1992; Widiyantoro and van der Hilst, 1996) . Using data from temporary seismic arrays in Tibet and environs, a number of receiver function studies Li, van der Hilst, and Toksöz, 2005 5 have focused on the crustal structure of Tibet and shallow mantle (Kind et al., 1996; Kosarev et al., 1999; Kind et al., 2002) . Many P-wave tomographic studies beneath China and surrounding region have focused on the crust and uppermost mantle (e.g. Sun et al., 2004; Hearn et al., 2004; Liang et al., 2004) and the local structures (e.g., Huang et al, 2002; Wang et al, 2003) . The resolution of global tomographic inversion is inadequate for detailed studies of the upper mantle beneath China and surrounding region. This is partly due to reduced data coverage beneath regions far away from seismically active plate boundaries. In particular, the lack of data from stations in China reduces the ray coverage and therefore the resolution of tomographic images of the upper mantle structure beneath the broad realm of continental collision. Over the next few years, this situation will improve when data from regional seismic networks in China and from the temporary arrays that we deployed in [2003] [2004] by MIT collaborating with the Chengdu Institute of Geology and Mineral Resources, hereinafter referred to as the MIT-CIGMR array, and Lehigh University (Sol, et al., 2004) Engdahl et al (1998) and the PP-P differential travel times from Woodward and Master (1991) , (ii) an irregular grid parameterization to enhance local parameter estimation, and (iii) an a priori 3D crustal model to reduce artifacts due to large regional variations in crustal structure. The latter is, in fact, not trivial, since uncertainty or error in the crust models can cause significant artifacts in the images. Here we propose a new approach for the crust correction.
Data
The travel time data used in our study comes from three sources. The first is the International Seismological Centre (ISC) data that have been reprocessed by Engdahl, van der Hilst, and Buland (1998) (hereinafter referred to as the EHB data). Engdahl et al.
used arrival times reported to the ISC and calculated travel-time residuals in a non-linear process, which included phase re-identification and earthquake relocation. In our global inversion we used almost 9,400,000 P and 680,000 pP and pwP EHB travel time residuals of well-constrained regional and teleseismic earthquakes between 1 January Figure 2 ) and 107 Chinese ABCE stations that have not been reported to ISC (blue square in Figure 2 ).
Furthermore the subset of the global model presented here includes ~22,000 PP-P low frequency differential times measured by cross-correlation of the PP arrival with the Hilbert transform of P (Woodward and Masters, 1991) . We account for sensitivity to structure away from the optical ray path with 3D Fréchet derivatives (sensitivity kernels) (Kárason, 2002) . For the spatial resolution sought here these low frequency data may seem superfluous, but we want to be consistent with our global model and in the area of interest the PP-P differential times put constraints on the larger wave length variations.
Methodology

Adaptive Grid
Uneven data coverage can produce significant lateral variations in resolution of tomographic models. The use of a regular grid would either over-parameterize poorly sampled regions (thus be computationally inefficient) or average out small-scale structure in well-sampled regions. We conduct a global inversion using an adaptive parameterization scheme based on the sampling density of the high frequency data (Abers and Roecker, 1991; Bijwaard and Spakman, 1998; Kárason and van der Hilst, 2000) . Each block in the grid used in the inversion consists of one or more base blocks of 45 km × 0.7 o × 0. limit on the minimum length-scale of structure that can be resolved beneath these regions.
For the calculation of the sensitivity matrix associated with short period data we use a high-frequency approximation and trace optical rays (in the radially stratified reference model). We use weighted composite rays (Kárason and Van der Hilst, 2001 ) to better balance the sampling and further reduce the size of the sensitivity matrix. Because of noise in the data we apply norm and gradient damping: norm damping favors a result that is close to the reference model and thus tends to minimize the amplitude of the model, while gradient damping reduces the differences between adjacent blocks and thus produces smooth variations, both laterally and radially. Although we perform experiments with synthetic data and known input models to find appropriate values for the damping parameters, the choice of the parameters remains subjective. In our inversion, the norm damping is small. For the numerical inversion we use the iterative method LSQR (Paige and Saunders, 1982) iterations, but for LSQR most of the convergence is achieved within a small number of iterations: ~ 98% of the total variance reduction is obtained within the first 25 iterations.
Crust correction
Because of the steep incidence of the P-waves, vertical resolution in the shallow parts of the model is poor. Combined with the larger wavespeeds variations in the crust, this may cause crustal anomalies to be 'smeared' (mapped) to larger depth in the model, which could be a significant problem if the actual crust is very different from that in the reference model, as is the case here.
In SE Asia, the lateral variation in crustal thickness is considerable. With a synthetic test, we explore if -and how much -the difference between the 3D crust and the crust in 1D reference model could contaminate the wavespeeds estimates in the upper mantle. In order to calculate how our data coverage would 'see'
3D crustal structure and, thus, how such structures would "smear" into the model if unaccounted for, we use a resolution experiment with the same sensitivity matrix as in inversion of observed data. In other words, we calculate the response to such a crustal model, including all its artifacts (Figure 3c ). From Figure 3c , we conclude that the crust could not be resolved by the data and that in some areas crustal structure is smeared to 11 depths of at least 200 km. We also note that the oceanic anomalies are only 'seen' in areas of sampling (e.g., directly beneath the plate boundary in Figure 3b ). Moreover, the retrieved anomalies are much smaller than those in the input models. We try to remedy this with a crustal correction.
The actual correction can be done in several ways. One could correct for crustal structure in data space (e.g., Waldhauser 1996) by calculating travel times through the 3D crustal model, subtracting these from the observed times, ray-tracing back to the bottom of the 3D crust, and then solving for the structure beneath the crust while leaving the crustal model unchanged.
While straightforward and intuitive, this approach has the disadvantage that the errors of the 3D crustal model will still be mapped into the final upper mantle model. In part, this problem can be solved by inverting simultaneously for the structure of crust and upper mantle, but the velocity variance around the Moho (~10%) is much larger than in the upper mantle (~3%) and such amplitude contrasts cannot be well determined by tomography. Without an explicit method to confine crustal anomalies to the crust, the relatively large anomalies of the 3D crust will likely smear into the upper mantle if we simultaneously invert the upper mantle and crustal structure. An additional practical drawback is that further data addition and updates of crustal blocks will require repeated ray tracing, which we want to avoid for the sake of computational efficiency. Moreover, calculating explicit time corrections is not straightforward for phases with complicated sensitivity kernels, such as low frequency PP. 
where C is the a priori 3D crustal model and M C is the crustal part of the model space M. Choosing 3 λ through synthetic testing, we can confine crustal anomalies to the crustal blocks upon minimization of ε (Figure 3d ). Through regularization in the model space we can recover the a priori crustal model and we can also balance the crust and upper mantle contribution to misfit ε . Moreover, later addition of data sets does not require any further correction since all is accounted for in the model space.
We have verified that both methods of crust correction produce the same result; because of the ease of implementation we use the regularization approach in the inversions discussed below.
Results
Improvement of the new model
The addition of the ABCE data and the correction for the crust improve the quality of the 3D mantle model (Figure 4) . For 60 and 200 km depth, Figure 4A (1 and 2) depicts the model derived from the EHB data alone. The addition of the ABCE data, and concomitant adjustment of the grids, increases our ability to resolve the small-scale structure ( Figure 4B1, B2 ). In the mainland of China, where the extra ABCE stations are Li, van der Hilst, and Toksöz, 2005 13 located, more detail is recovered than before. For example, we can now observe a high velocity structure beneath the eastern part of the Sichuan Basin and the Songliao Basin and a low velocity structure beneath the Songpan Ganzi Foldbelt (Figure 4B1, B2 ).
These could not be recovered with the data coverage of the EHB data set alone. Outside the mainland of China, such as beneath Indian continent and the Philippine Sea, the improvements are, as expected, very small. The crustal thickness of central Tibet is about 70 km, so between this depth and the Moho depth in the reference model (~35 km), the images are expected to reveal a very slow anomaly compared to reference model; this is, however, not resolved by the data used owing to paucity of stations in this area ( Figure 4B1 ). Based on our a priori model, we correct the crustal structure in model space ( Figure 4C1, C2) . We show the 3D crust at 50, 60 and 70 km depth in Figure 4C1 .
The thick crust of Tibet results in a large slow wavespeeds anomaly. The crust correction reduces the smearing of unresolved shallow structure to large depths (compare, e.g., 
Resolution tests
Resolution test with synthetic data confirm that the addition of the ABCE data has resulted in a significant increase in our ability to resolve 3D structure. In Figure 5 and Figure 7 show the vertical resolution of our model at four slices (these four slices are depicted in Figure 1 ). All slices are about 4000 km long and extend down to 1700 km depth. In general, the input patterns can be recovered below 410 km depth at all four slices. At shallow depths, small scale structure cannot be recovered in small pattern (280×280 km), but variations at length scales larger than 340×340 km can be recovered reasonably well. Craton, and the Himalayas (Figure 6 .1), where the resolution length is probably ~100 km. At the Tarim Basin and the north part of Tibet, we estimate the lateral resolution length to be about 200 km (Figure 6 .2). The vertical resolution length is about 150 km below 400 km depth (Figure 7) . At shallow depths, although there is some vertical smearing even after the crustal correction, our vertical resolution length can reach about 200 km or smaller.
Structure of the upper mantle beneath SE Asia
We show the P-wave velocity variations in map view at twelve different depths from the surface to about 1000 km depth ( Figure 8 ) and in four vertical cross sections ( Figure 9) . In all figures, we display relative perturbations of the P-wave velocity in the model where crustal correction is done by regularization in the model space. For presentation purpose we label the major structures as 1, 2, 3 and so on. The major features of the model are as follows:
(1) Upper mantle structure beneath Tibet: a pronounced high-velocity anomaly (labeled as 1) is visible to a depth of ~300 km beneath the region of the Precambrian Indian continent (Figures 8a-d ). In the cross section, this high anomaly appears to dip northeastward and the flexure seems to start from the foreland basin about 200 km to the south of the Himalaya Frontal Thrust (Figure 1, 9A ). We interpret this dipping structure as the subducting slab of Indian continental lithosphere, and perhaps part of the Tethyan oceanic lithosphere in front of it. From Figures 8b-e and Figure 9a , we infer that only the southwestern part of the Plateau, the Himalayan Block and the western Lhasa Block, is directly underlain by the Indian lithosphere, the northern limit of Indian lithosphere beneath Tibet is marked by the thick blue line in Figure 1 . The dipping structure is detected down to at least 400 km depth, and possibly continues to ~ 660 km depth. At depths greater than about 660 km another high-velocity anomaly is observable beneath north-central India (structure 2 in Figures 8h-j) . In Figure 9a , this structure extends just near the 660 km discontinuity to deep in the lower mantle with a south-dipping angle,
where it forms part of the large scale structure that has been interpreted as a remnant slab of late Mesozoic Tethys oceanic lithosphere prior to the India-Eurasia collision (van der Hilst et al., 1997; Van der voo et al., 1999; Replumaz et al., 2004) . The spatial resolution of the current data coverage does not yet allow us to establish the structural relationship between the northward dipping structure 1 and the southward dipping structure 2.
(2) Our results suggest that the shallow mantle beneath the eastern part of Songpan Ganzi Foldbelt is marked by slow P wavespeeds (structure 3 in Figure 8b ).
Even through we cannot claim that the crust correction has absorbed all artifacts, these slow wavespeeds are not likely to be induced by the crust model since the resolution of the shallow mantle in the eastern part of the Plateau is high (Figure 6 .2-6.4). This slow velocity structure continues down to 300 km (Figures 8b-d) and along with vertical slice DD' (Figure 9d ). These results suggest that this slow velocity structure continues beyond the eastern margin of Tibet and that it may connect to the slow wavespeeds in the upper mantle beneath South China Sea coast and, in particular, Hainan island (Figures 8d-e) .
(3) Slow velocities beneath the Tian Shan and western part of the Tarim Basin seem to continue to at least 300km depth (Structure 4 in Figures 8a-d, Figure 9c ). No prominent high wavespeeds feature appears beneath the Tarim Basin. Because the resolution beneath Tarim Basin is relatively poor due to lack of the data, further study is needed to confirm our observation. The shallow mantle beneath the Junggar Basin is marked by high P wavespeeds propagation (Structure 5 in Figures 8b-d) . Figure 9a suggests that this structure may be dipping to the south. Figure 9c and 9d) and the resolution in the transition zone is high (Figure 6 .5-6.8) .
(5) In general, the P velocity of Southern and Southeastern China is relatively slow. At shallow depths (Figures 8a-c) , a slow velocity structure extends from Songpan Ganzi Foldbelt to the Youjiang Block. At larger depths, a slow velocity feature dominates beneath the island of Hainan and the southern coast of China, but it does not appear below the 660 km discontinuity (structure 9 in Figures 8d-f) .
Discussion
The seismic evidence for subduction of Indian lithosphere
The regional tomographic image of the upper mantle beneath central Tibet from the INDEPTH array has revealed a subvertical high velocity zone from 100 to 400 km depth , which has been interpreted as the downwelling Indian (Figures 8d, e) . This is also visible in AA' (Figure 9a ). Although the relatively poor resolution beneath the northern Tibet leaves some room for alternate interpretations, our images suggest that the Indian lithosphere subducts from the foreland basin and underlies only the southwestern margin of the Tibet Plateau (thick blue line in Figure 1 ), implying that much of the Tibet Plateau is not underlain by Indian but by Asian lithosphere (Tapponnier, 2001 ). This conclusion may be refined by analysis of the data from the MIT-CIGMR and Lehigh arrays, but if confirmed it has important implications for evolutionary models of the Tibetan plateau.
The southward dipping high-velocity structure 2 in the lower mantle (Figures 9a, b) , interpreted as Neo-Tethys oceanic lithosphere van der Voo et al., 1999; Replumaz et al., 2004) , seems to be separated from the subducted Indian lithosphere as it sinks below 660 km discontinuity, but this relationship will be subjected to further study.
Fast velocity structure within the TZ (410-660 km) beneath Yangtze Craton
Our images show that there is a significant high-velocity anomaly beneath the Yangtze Craton in the transition zone (structure 8 in Figures 8f-h, Figures 9c-d is that this high velocity structure is related to different lithosphere subduction rather than the subducted continental lithosphere alone.
Slow velocity structure beneath Eastern Tibet and South China Sea
In the image of the upper mantle beneath eastern Tibet, the most prominent feature is the large-scale low velocity structure ( Interestingly, this is area where the lower crust is thought to be sufficiently hot to undergo large-scale horizontal flow (Clark and Royden, 2000) . Like the lower crust, the slow velocity asthenospheric mantle structure beneath eastern Tibet might be involved g ). This anomaly seems to connect to the slow-velocity structure, and presumably, processes of eastern Tibet at the shallow depth (Figure 8c ), but this is also a subject of 
Conclusions
We combined different seismic data sets and implemented a crustal correction in (Tapponnier, 2001) . However, finer resolution is required to better establish the spatial and temporal relationship between the shallow and deep slabs. Subducted Indian lithosphere is detected to ~400km depth and may be detached from the sinking ocean slab in the lower mantle. P-wave velocity is very slow beneath most of eastern Tibet where the lower crust is thought to be sufficiently hot to undergo large-scale flow (Clark and Royden, 2000) . This slow anomaly may extend to the western boundary of the Yangtze Craton and connect with the slow velocity structure beneath Youjiang Block 
